Cold atmospheric plasma jet is widely used in many fields due to the reactive oxygen species and low temperature for heat-sensitive products. This paper presents the inactivation of bacteria via a pulsed plasma jet with He/O 2 mixed gas. To evaluate the disinfection performance, Staphylococcus aureus was used as an indicator bacteria for experiments. When the plasma jet dealt with agar plates spraying bacteria, it was found that mixed gas has a better performance than pure inert gas, indicated by the disinfection area. The increment of oxygen gas addition was beneficial to the disinfection ability of the plasma jet, while the gas had an opposite effect on the length of jet production. The experiments showed the efficacy of Staphylococcus aureus disinfection could reach up to 99.47% via a helium/oxygen (2%) plasma jet.
Experimental study on bacteria disinfection using a pulsed cold plasma jet with helium/ oxygen mixed gas 1 
. Introduction
In recent years, cold atmospheric plasma jet (CAPJ) has been widely employed in many medical fields, such as wound healing [1] , disinfecting skin or in root canals [2, 3] , promoting coagulation [4] [5] [6] , endoscopic application [7] and so on. When the working gas flows through the high-voltage electrode, a large number of species including electrons, ions and active groups are produced and carried to the atmosphere, and is called a plasma jet. There are numerous different types of CAPJ devices worldwide [8] [9] [10] [11] [12] .
As a novel disinfection technique, CAPJ has attracted significant attention with regard to the inactivation of bacteria [13] [14] [15] . Compared with traditional heat-pressure disinfection, circulating steam and filtration disinfection, CAPJ has obvious advantages in disinfection efficiency due to its convenient operation, short processing time and low temperature for heat sensitivity [16] . Many possible mechanisms for inactivating bacteria have been discussed, including reactive species or radicals [17] , UV light (VUV and UVC bands) [18] and charged particles (bombardment) [19] . According to Laroussi [20] , reactive species can react with the membrane of the bacteria and target proteins. UV light plays a more significant role with low-pressure plasma than atmospheric pressure with regard to the inactivation of bacteria [21] [22] [23] [24] . The measured UV light from the plasma jet is fairly low and its bacterial effects could be neglected [25] . Bai et al treated Staphylococcus aureus (S. aureus) in distilled water and achieved an effective efficacy of disinfection (>99%) in 6 min by a He/O 2 (2%) plasma jet [26] . Gilmore et al designed a He/O 2 (0.5%) plasma jet, with which S. aureus in both biofilm mode and planktonic mode can be completely eradicated after 6 min and 4 min treatment, respectively [27, 28] . Liu et al achieved complete inactivation of S. aureus on glass substrate in 2 min by pure He plasma jet [29] . Xu et al studied the antimicrobial effect of a He/O 2 (0.5%-2%) plasma jet and found 0.5% He/O 2 could realize a maximum log reduction of 5 on S. aureus biofilm after 10 min [30] .
In this work, based on a home-made plasma-jet generator, we added oxygen into helium to produce more oxygen species to improve the disinfection ability. Parameters such as operation voltage, pulse repetition rate, flow rate and treatment time had been investigated in order to achieve optimized conditions. S. aureus was chosen to be the bacteria indicator, as it is one of the most common pathogenic bacteria in daily life, and would induce many illnesses from minor skin infections to life-threatening diseases.
Experimental setup and physical characteristics

Experimental setup
In this paper, we present the experiment setup and the design of the CAPJ system, as shown in figures 1 and 2, respectively. It was mentioned that a pulsed power and dielectric barrier discharge (DBD) jet generator were integrated into a single device. The plasma-jet generator had double electrodes. The high-voltage electrode was located in the axis and surrounded by a quartz tube, while the low-voltage electrode was connected with the metal shell, which was grounded [31] . The jet was energized by a pulsed power source with a pulse width of 0.5-3 μs, voltage of 0-7 kV and repetition rate of up to 30 kHz. Compared with DC or AC sources, pulsed DBD can introduce high-energy electrons and less power consumption [32] [33] [34] . The input power can be precisely modulated by the voltage and/or repetition rate, which can achieve effective plasma energization within a strict temperature medical safety range. Compared with other microsecond pulsed plasma jets, our system worked at a relatively low voltage but a high repetition rate [35, 36] . The annoying switching noise disappeared when the repetition rate was set above 20 kHz, making this technology more accessible to clinical applications. Meanwhile, a lower voltage can also reduce the risk of insulation failure. Different mixed working gas was adjusted by two mass flow meters and fed into the buffer tank for mixing well. Then, working gas was blown through a highvoltage electric field and ionized to form a plasma jet to deal with the samples. The voltage and current wave of the supplied power were recorded by oscilloscope, as shown in figure 3 . As the peak voltage of the supplied power increased from 3 to 5 kV, the peak energy of a single pulse correspondingly increased from 0.225 to 0.669 mJ. For a typical operation parameter of 5 kV at 15 kHz, the energy injected to the plasma per pulse was about 0.1 mJ (as shown in figure 3) , and the power of the plasma jet was about 1.5 W.
Length and brightness of the plasma jet
In a previous study, it was found that the length and brightness of the plasma jet would change with a variety of factors, being the discharge voltage, gas flow rate and pulse repetition rate in inert working gas. In this study, the plasma generator could also produce a jet of different length and brightness by changing the volume fraction of oxygen in the helium-oxygen mixed gas.
Optical emission spectroscopy
Optical emission spectroscopy is commonly used for analyzing the plasma jet [37] . We employed a fiber optical spectrometer (AvaSpec Muti-channel) to record emission spectra at the end of the plasma jet under different conditions, and analyzed the spectral data by special spectrum analysis software (PLASUS SpecLine).
Temperature
The temperature of the plasma jet is an important factor in medical applications. In this work, we evaluated the temperature at the end of the plasma jet by using a thermocouple thermometer (TES-1301). 
Experimental preparation
We chose S. aureus as the indicator bacteria, because they are typical germs used in experiment. Cell culture of S. aureus (ATCC6538) was stored in a −30°C freezer. Bacteria were cultivated and enriched in Luria-Bertani (LB) liquid medium (10 g l −1 tryptone, 5 g l −1 yeast powder and 10 g l −1 NaCl), and counted in LB agar medium (10 g l −1 tryptone, 5 g l
yeast powder, NaCl 10 g l −1 and 15 g l −1 agar). The agar solution was poured into the culture dish of diameter 90 mm for getting agar plates.
Qualitative experiment
A pure culture of bacteria dissolved with 50 ml LB liquid medium was cultivated in the thermostatic oscillator (200 rpm, 30°C) for 12 h. After that, a high-concentration bacteria suspension was diluted with sterile water in a 1:9 ratio (0.5 ml bacteria suspension and 4.5 ml sterile water) and mixed in a 7 ml centrifuge tube. It was diluted several times according to the previously mentioned ratio. Then, the diluted solution was sprayed onto the surface of a solid medium by pushing the spray bottle four times, as shown in figure 4 . For a suitable concentration, many plates of the bacteria adhering to the solid medium should be made. Then, plasma-jet treatment was carried out on the solid medium with bacteria under different conditions. The He/O 2 plasma jet with different oxygen content had different lengths. To simplify the evaluation, we chose the end of the plasma jet to deal with the medium. In other words, the treatment took place where the plasma jet just contacted with the medium. The treated solid medium was put into a 32°C biochemical incubator for 24 h.
Due to many operating conditions, we employed the qualitative experiment to optimize the conditions. As previously mentioned, reactive oxygen species (ROS) benefited the inactivation of the bacteria. Therefore, we tried to add oxygen into the helium to increase the disinfection ability of the plasma jet. It is worth noting that the end of the plasma jet was used to treat the samples in order to gain comparable results, because different mixed gas could produce different jet length.
Quantitative experiment
For the quantitative experiment, the cultivation and enrichment of the bacteria were the same as in the qualitative experiment. 10 μl diluted bacteria suspension was coated in a round quartz plate about 10 mm in diameter and 0.7 mm in thickness, which was just large enough to fit into the 7 ml centrifuge tube. One plate without plasma treatment was taken as the control group, while the other plates were treated with plasma jet under different conditions. All plates with 5 ml sodium chloride peptone buffer solution (14.267 g l −1 , ph 7.0) were put into 7 ml centrifuge tubes, and shaken together in order to dissolve the residual bacteria from the surface of the plates. Buffer solution was diluted n times in a 1:9 ratio (100 μl buffer solution with bacteria and 900 μl sterile water). Then, 100 μl diluted solution of each concentration was transferred to LB agar medium. Then, the plate count method was used to count the residual bacteria in different treated samples. The treated solid medium was put into the 32°C biochemical incubator for 24 h. The number of colonies of bacteria in the agar medium and the number of residual colonies in the treated plate were set as N and N t , respectively. Therefore, the number of residual colonies formula (3.1), efficacy of disinfection formula (3.2) and killing log value formula (3.3) could be derived, where N a was the number of colonies after treatment, while N b was the number of colonies before treatment.
Results and discussions
Length and brightness of the plasma jet
There were some changes in the length and brightness of the plasma jet, shown in figure 5 , as recorded by a Nikon D7000. When the voltage was 5 kV, the pure helium plasma jet was the longest, and the length was 6 cm. It obviously showed that the increased oxygen resulted in a decreased length and brightness of the plasma. One possible explanation was that the oxygen would absorb the positive charge due to its electronegativity and reduce the intensity of the plasma jet. Apparently, the increase of discharge voltage enhanced the plasma-jet length. For example, at the same 1% volume fraction of oxygen in the mixed gas (figures 5(a), (b) and (c)), the intensity of the plasma jet grew with the discharge voltage. Just from 3-5 kV, the length of the plasma jet (1% oxygen) could grow from around 1 to over 4 cm in the visible range.
Optical emission spectroscopy
The changes in emission lines of the plasma jet are shown in figure 6 , and the most intensive lines are listed in hydrogen related species were excited in the ambient air, rather than the working gas, which was directly ionized in the discharge area. The intensity of characteristic emission lines of helium, including He I 587.56, 667.82 and 706.51 nm, would be reduced with an increase in oxygen content in the He/O 2 mixture. As a consequence, the intensity of OH and N 2 + was also reduced. On the one hand, the addition of oxygen could improve the production of ROS compared to pure helium, but the intensity of O lines dropped with an increase of O 2 from 0.5% to 2%. On the other hand, oxygen is an electronegative element, which could absorb positive electrical particles, and reduce the intensity of helium lines. Therefore, there should be a balance between the intensity of the plasma jet and ROS. Figure 7 showed the temperatures of helium plasma jet at different distances, measured by the thermocouple thermometer. These temperatures were all below 40°C and within medical safety range. As shown in figure 8 , the temperature at the end of the plasma jet in different discharge voltage and oxygen proportion, were also within medical safety range. Meanwhile, the improvement of discharge voltage would lead to an increase of temperature at the same volume fraction of oxygen in the helium-oxygen mixed gas.
Temperature
Qualitative experiment
From figure 9 , the disinfection area expanded obviously with prolonging the treatment time, when the pulsed voltage, pulse repetition rate, and gas flow rate were 5 kV, 15 kHz and 8 l min , respectively. The distance between the plasma jet and samples was −1 cm (the end of the plasma jet was set as 0 and −1 cm, meaning that the samples were placed at 1 cm intervals). There was no remarkable effect when using a pure helium plasma jet to deal with bacteria in a short time. And from figure 10, we found that the different treatment distances had no effect on disinfection, when the pulsed voltage, pulse repetition rate, gas flow rate and treatment time were 5 kV, 15 kHz, 8 l min −1 and 1 min, respectively. For simplifying the evaluation, the treatment distance in the following experiments . Figure 9 . Photographs of S. aureus on the agar plates treated by pure He plasma jet at different treatment times. with increasing the oxygen content in the He/O 2 mixed gas, the disinfection area of S. aureus first grew bigger gradually, and the disinfection area became biggest when the volume fraction of oxygen in the mixed gas was 2%. Then, the disinfection area grew smaller, while there were no clear differences with regard to the disinfection area in pure helium during short treatment time. One possible hypothesis is that the increment of oxygen content in the mixed gas benefited the disinfection ability of the plasma jet, while the mixed gas had the opposite effect on jet production. Certainly, treatment time was an important parameter for disinfection efficacy. As shown in figure 12 , the disinfection area would increase due to the treatment time from 30 s to 2 min, when the pulsed voltage, pulse repetition rate and gas flow rate were 5 kV, 15 kHz and 8 l min −1 , respectively. When the treatment time was 1 min, there was a clear and bigger disinfection area than for the same treatment time via a pure helium plasma jet, as shown in figure 10 . With prolonging the time to 2 min, the disinfection area reached a maximum value. From figure 13 , the disinfection area increased with the increment of the mixed gas flow rate, and reached a maximum value when the gas flow rate was 8 l min −1 . After that, the affected area remained nearly constant, but with a significant decrease of disinfection efficiency. A large flow rate of gas could produce more plasma and spread widely. However, excessive gas flow rate might take reactive species quickly and reduce the plasma density, which would reduce the disinfection efficiency. Figure 14 showed that S. aureus samples of different treatment time (30 s, 0.5 min, 1 min, 1.5 min, 2 min and 3 min, respectively), were treated via pure He plasma jet at 5 kV, 15 kHz and 8 l min −1 , and the initial number of bacteria colony samples was 180 000 CFU. When the treatment time went from 30 s to 3 min, the efficacy of disinfection was 90.93%, 97.97%, 98.06%, 98.69% and 98.89%, respectively. Apparently, the efficacy increased quickly when the treatment time went over 30 s, and the growth rate became smaller in the range from 1-3 min. However, all efficacies of disinfection were below 99%, and the killing log values were no more than 2, when the treatment time was 3 min. The small power of the plasma jet (1.5 W) could be responsible for the results. For example, the plasma power reported in [30] was 14 W, and in our previous work with a higher operating voltage of 12 kV at 20 kHz, the plasma power was 8 W [31] . In both cases, the killing log values could be more than 5.
Quantitative experiment
Through calculation, it was found that for the same initial concentration groups and same operating conditions, except for the inlet gas, residual bacteria decreased first and then increased with the increment of oxygen content in the mixed gas. When the oxygen content was 2% in the mixed gas, residual bacteria were lowest and the efficacy of disinfection was up to 99.47%. Meanwhile, from figure 15, the killing log value could be over 2.28. When the oxygen content was from 0%-3%, the efficacy was 97.97%, 98.29%, 98.32%, 98.86%, 99.47%, 98.47% and 97.84%, respectively. One possible reason was that the improvement of oxygen could produce more ROS, which was shown in the spectrogram of figure 6 . Meanwhile, oxygen species would absorb the charged particle and reduce the intensity of the plasma jet due to its electronegativity.
Conclusions
A pulsed cold plasma-jet device discharged with carrier He/O 2 mixed gas was investigated and used for the inactivation of S. aureus. The jet length changed with the inlet gas, and the longest jet length could be up to 7 cm via pure He. However, the length and intensity of the jet would decrease with the increase of oxygen content in the mixed gas. When the voltage was 5 kV and the oxygen content was up to 2%, the jet generator could still produce a plasma jet with adequate length and obvious lightness. The jet temperature was strictly controlled below 40°C, which was within the medical safe range. According to atomic emission spectrometry, the addition of oxygen content in the mixed gas benefitted the production of ROS. When the plasma jet dealt with agar plates spraying bacteria, it was found that the disinfection area processed by the mixed gas was obviously larger than that dealt with by pure inert gas. After treating the quartz plate with S. aureus, residual bacteria decreased first and then increased with the increment of oxygen content in the mixed gas. The possible reason was that the increase of oxygen benefitted the disinfection ability of the plasma jet, while excess oxygen had the opposite effect on jet production. Compared to the pure helium plasma jet, which needed more treatment time to deal with the bacteria, apparently, adding oxygen into the helium can improve the disinfection effect of the plasma jet. The experiments showed that when the discharge voltage was 5 kV, the efficacy of S. aureus disinfection can reach up to 99.47% and the killing log values were over 2 via the He/O 2 (2%) plasma jet. Apparently, compared to pure helium, the He/O 2 plasma jet was more effective in the inactivation of S. aureus.
